Methods for processing multibeam echo-sounder (MBES) bathymetry data are well established, however, there is no universal and established approach to processing and interpretation of MBES backscatter data. The aim of this paper is to (1) detail the different backscatter logging methods implemented in modern high-frequency MBES systems used primarily in shallow water; (2) describe and suggest appropriate methods of data processing; and (3) discuss likely errors and artefacts expected from MBES backscatter processing. These issues are illustrated using data collected with a Reson SeaBat MBES in coastal shelf areas of Australia, although the methods and errors discussed are relevant to other high-frequency shallow-water MBES systems. Production of backscatter mosaics and analysis of backscatter for seafloor classification using MBES data are considered in Part 2 -Mosaic production, analysis and classification (Parnum and Gavrilov, 2011) , published alongside this paper.
Introduction
Multibeam echo-sounder (MBES) systems have been recognised as one of the most effective tools available to map the sea floor (Kenny et al., 2003) . MBES systems are capable of collecting bathymetry and seafloor backscatter data simultaneously from a wide swath of the sea floor at a high spatial resolution. This allows cost-effective mapping of the sea floor including discrimination and classification of different seafloor types (e.g. Hughes Clarke, 1994; Canepa and Pace, 2000; Preston et al., 2001; Bentrem et al., 2006) .
De Moustier (1986) , inter alia, was one of the first to demonstrate the potential of seafloor backscatter data collected by MBES systems for seafloor characterisation. Other research works (Kleinrock, 1992; Hughes Clarke et al., 1993; Talukdar et al., 1995; Augustin et al., 1996; Mitchell, 1996) have further developed the methods for processing MBES backscatter data. These methods were developed for, and examined with, primarily low-frequency MBES systems (less than 100kHz), which were most common at that time. Although the basic principles of measuring the seafloor backscatter strength are similar at low and high frequencies, the measurement geometry and physical conditions -such as the ratio of insonification and footprint areas compared to the seafloor roughness scale and Rayleigh parameter -are significantly different. More recently, processing and analysis methods purposely designed for some modern high-frequency narrow-beam MBES systems have been proposed (Beaudoin et al., 2002; Hellequin et al., 2003; Augustin and Lurton, 2005; Parnum, 2007; Le Bas and Huvenne, 2009; Brown and Blondel, 2009; Kloser et al., 2010) .
While various methods for processing MBES bathymetry data are well established and implemented in the software provided by the sonar manufacturers, there is no universal, standard approach to processing and interpreting MBES backscatter data. This is largely due to the different ways modern MBES systems measure and log backscatter data (Beaudoin et al., 2002) . Confusion over the different collection methods can lead to processing backscatter measurements incorrectly.
Producing seafloor backscatter characteristics that are not distorted by sonar parameters and/or the way backscatter data are collected is essential for inferring geomorphological and physical properties of the seafloor surface (de Moustier, 1986; Talukdar et al., 1995; Fonseca and Mayer, 2007) . Therefore, it is important to know all sonar parameters relevant to backscatter measurements and the data logging method used in order to apply an appropriate method of backscatter data processing. This paper details the different backscatter logging methods implemented in modern highfrequency MBES systems used primarily in shallow water or carried by remotely operated vehicles (ROVs) or autonomous underwater vehicles (AUVs). It then explains appropriate methods of data processing and discusses likely errors and artefacts expected from MBES backscatter processing. The issues to be considered in this paper were investigated using several datasets collected with different MBES systems, such as the Reson SeaBat 8101, 8125, 8111 and 7125 and Kongsberg-Simrad EM 3002, over different seafloor types in ten coastal shelf areas around Australia, as well as coastal shelves in Italy (De Falco et al., 2010) and in China. This paper is focused on the methods of backscatter data collection and processing common for those MBES systems, rather than seafloor backscatter properties measured in the surveyed areas. Therefore, two datasets obtained with the Reson SeaBat 8125 from Cockburn Sound and Esperance Bay in Western Australia have been chosen to illustrate the considered issues.
Operation of multibeam echo-sounder systems
MBESs are usually mounted underneath a vessel or an ROV/AUV, and emit acoustic pulses of a short length. Transmission of the acoustic energy to the sea floor is governed by the beam pattern of the sonar transmit array that is wide across-track (typically 120-150°) and narrow along-track (of the order of 1° for high-frequency systems).
The receive array is directed perpendicularly to the transmit array and forms a large number of receive beams that are narrow across-track and are steered simultaneously in different across-track directions by a beamforming process. Thus the system performs spatial filtering of acoustic signals backscattered from different discrete areas of the sea floor along the swath, referred to as 'beam footprints'. This provides co-located bathymetry and backscatter measurements made from each beam.
Although only one bathymetry measurement is usually made from each sonar ping and beam, several samples of the backscatter intensity can be recorded within the beam. The seafloor area that each individual backscatter sample represents is termed the 'insonification area' in this paper. Modern shallow-water MBES systems (such as Kongsberg-Simrad EM 3000 and 3002, and Reson SeaBat 8125 and 7125) operate at hundreds of kHz, transmit short pulses of several tens of microseconds and form hundreds of beams usually less than 1° wide. MBES systems with such parameters are capable of resolving small features from a few centimetres to a few decimetres wide in the seafloor relief.
The geometry of MBES measurements is illustrated in Fig 1. Projections of the transmit and receive beams (main lobes of the beam patterns) onto the sea floor are shown by shadowed areas. The sonar footprint on the sea floor is formed by the intersection of the two areas. The dashed lines show bounds of the seafloor area insonified by a rectangular sonar pulse at a specific time.
Fig 1 shows the projection of a single receive beam. Within each particular receive beam, the echo-sounder observes a seafloor area limited by the intersection of the transmit and receive beam projections -i.e. the beam footprint. The area insonified simultaneously on the seafloor that scatters the sonar signal back to the receive array is limited by the length of the transmitted pulse. It has a ring form with the external and internal radii (r 1 and r 2 , respectively). These radii change with the time (t r ) elapsed from the transmission time, as shown in Equation 1:
where D is the sonar elevation above the sea floor, C is the sound speed and T is the transmitted pulse length. The insonification area is a circle at t r ≤ 2D/C + T, when r 2 = 0. According to Medwin and Clay (1998) , the instantaneous intensity of the backscattered signal can be numerically predicted, if the sonar transmit 
where s bs (θ) is the surface backscatter coefficient depending on incidence angle (θ), I S is the transmitted signal intensity at R 0 = 1m from the sonar head and b is the attenuation coefficient of sound in water. At relatively short sonar pulses (typically of a few tens of microseconds for high-frequency MBESs) and oblique steering angles, the insonification area is a portion of the beam footprint limited by r 1 and r 2 , as illustrated in Fig 1. For a narrowbeam MBES system with the typical beam width of a few degrees, it can be assumed that s bs (θ) and R do not change significantly within the insonification area. Using this assumption, Equation 2 can be simplified, as shown in Equation 3:
where S ins is the insonification area and R C is the slant range to its centre moving with time. This approximate equation is commonly used to derive the seafloor backscatter coefficient from the backscatter intensity measured in each beam of an MBES system: 
where 〈 〉 signifies averaging over a series of measurements. For estimating s bs (θ), the time (t r ) is usually chosen so that it corresponds with the two-way travel time of the sonar signal to the centre of the insonification area, as estimated from the measurement geometry (beam steering angle with vessel's roll offset) and sea depth. The insonification area is commonly approximated by a rectangular shape. A simple and commonly used equation for calculating the insonification area approximated by a rectangular shape, as given in Hellequin et al. (2003) , is as follows:
where ϕ l is the longitudinal (along-track) width of the transmit beam, θ t is the transverse (across-track) width of the receive beam, as specified by the sonar manufacturer, and θ is the beam steering angle. The minimum function is applied to take into account the case, when the footprint transverse width is smaller than r 1 -r 2 . Parnum (2007) suggests a more complex equation for the insonification area, which is more accurate than Equation 5 at nearvertical steering angles of receive beams:
The backscatter energy can be calculated by integrating the backscatter intensity (I ) over the duration of the echo signal, which is equivalent to integration over the footprint transverse width. Consequently, the backscatter energy can also be approximated by a simple equation similar to Equation 3:
where E S is the energy of the transmitted pulse (a product of the transmitted signal intensity and pulse length) and S FP = R 2 ϕ l sin θ t cos θ is the area of intersection of the beam footprint. The seafloor backscatter coefficient (s bs ) can be derived from the backscatter energy as in Equation 8:
In practice, the acoustic backscatter from the sea floor is commonly characterised in the logarithmic scale by the seafloor backscatter strength (BS = 10 log s bs ).
Methods of logging MBES backscatter data
All backscatter data collected by MBES systems are derived from the backscatter intensity (I) (Equation 2), or its square root, which is an instantaneous amplitude commonly referred to as a 'backscatter envelope'. To obtain estimates of the seafloor backscatter coefficient and its angular dependence, it is essential to know whether it is the backscatter intensity or the amplitude that is logged by the echo-sounder. At present, there are generally four possible methods for logging backscatter data adopted in the Reson MBES and some other modern MBES systems (e.g. Kongsberg EM 120, 300 and 3000 series). In decreasing data logging size, these methods are:
• the whole echo signal (either backscatter envelope or intensity) from each beam, including the signal backscattered in the water column; • a fragment of the whole backscatter envelope centred around the bottom detection time in each beam (referred to here as the 'seafloor backscatter envelope');
• two sidescan-like time series of backscatter amplitudes created by combining the backscatter intensity or envelope from the port and starboard beams (referred to here as 'sidescan data'); and • one backscatter value per beam from within each seafloor backscatter envelope. Some of the modern Reson MBES systems log the peak amplitude of the seafloor backscatter envelopes received in each beam, while some other MBES systems record other derivatives from the backscatter envelopes.
This section explains the differences between these methods and discusses the selection of the most appropriate logging method for specific surveys.
Whole backscatter envelope
Recording of the whole backscatter envelope is implemented in several modern MBES systems, such as the Reson 8125 and 7125 (these data are called 'snapshots' in the Reson data collection software). Logging of the whole echo signal for each beam, including both the amplitude (shown in Fig 2) and phase, is useful for some applications related to the water column, such as fisheries acoustics (Parsons et al., 2006) , the study of internal waves (Trevorrow, 2005) and sediment transport (Best et al., 2010) . However, for seafloor mapping it is not necessary to log the whole of the backscatter echo. Moreover, the amount of data to be logged increases significantly when recording the echo signal from both the water column and the sea floor, which may result in a considerable reduction of the maximum possible ping rate. For instance, the Reson 8125 system was capable of logging the whole backscatter envelope only from one of every five sonar pings (Parsons et al., 2006) . Recent improvements in data logging and computer processing speed allow this problem to be overcome in some state-of-the-art MBES systems, such as the Reson 7125 (Parsons et al., 2007) .
Seafloor backscatter envelopes
Seafloor backscatter envelopes, which are called 'snippets' in the Reson data collection software, are fragments of the whole backscatter envelope that are selected to contain the echo from the sea floor in each beam (Fig 3) . The start sample of each seafloor backscatter envelope in the whole backscatter echo (the 'fragment offset') and the length of each fragment are predetermined by the sonar processor, based on the bottom detection range, and estimates of the slant range to the inner and outer edges of the beam footprint on the sea floor (Reson, 2002) . This is usually done assuming a flat bottom model for each individual sonar ping. Occasionally, the length of the fragments chosen by the MBES hardware is not large enough to contain the whole echo from the sea floor. Inadequate fragment length occurs more in the outermost beams than the inner beams, as the seafloor echo length gets longer as incidence angle increases (Parnum, 2007) .
Sidescan data
When recording in the sidescan mode, the MBES system combines backscatter signals received along Comparison of different backscatter data logged by MBES systems: (a) 100 sample fragments of the whole backscatter envelopes and a sidescan-like trace synthesised from these envelopes, and (b) seafloor backscatter envelopes cut out from the whole echo adjacent beams by stitching them together to form two (port and starboard) sidescan-like time series of backscatter amplitude (Fig 3) . The major problem in combining signals from different beams to form sidescan traces is that samples from adjacent beams coinciding in time generally have different amplitudes, because the backscatter envelopes are distorted by the receive beam pattern. The most appropriate way to treat overlapping samples is to correct accurately the backscatter envelopes for the beam pattern in order to equalise the overlapping samples. However, this is not easy to implement, because it supposes the angular dependence of the backscatter amplitude within the beam pattern to be correctly projected into the time domain, which requires knowing the bottom relief within the footprint. Several semi-empirical approaches to deal with overlapping samples from adjacent beams for synthesising a sidescan trace are implemented in some recent MBES systems. For instance, for the Reson 8125 the operator can substitute the overlapping samples with either their root-mean-square (RMS) or average value (Reson, 2002) .
There is no standard approach to combining overlapping backscatter envelopes in different beams. The beam combining method can differ between MBES systems and is not known for some of them. Moreover, the sidescan traces synthesised by the MBES hardware are not directly linked up in the spatial domain to the MBES bathymetric data, which makes it problematic to produce co-located maps of bathymetry and seafloor backscatter strength.
If sidescan traces are to be collected with an MBES system, it is advantageous to create them from the backscatter envelopes linked to the horizontal coordinates on the sea floor with corresponding bathymetry measured for each beam (Beaudoin et al., 2002) . In this case, the user can choose the most appropriate algorithm for combining overlapping echoes from different beams, e.g. the method based on correction for the beam pattern.
One backscatter value per beam
To reduce the amount of data to be logged, some MBES systems implement a data logging mode where a single backscatter value is recorded for each beam. It can be either a single backscatter intensity/envelope sample selected by the MBES hardware, or some average value calculated by the sonar processor. For instance, when the Reson 8125 is set in the RI-Theta (range, intensity, beam angle) mode, the sonar processor finds the maximum amplitude of each seafloor backscatter envelope and stores it in a separate dataset, referred to as backscatter 'intensity' (even though it is amplitude and not intensity).
However, using the maximum backscatter envelope or intensity leads to considerable and systematic overestimation of the seafloor backscatter strength, measured with the outer beams of oblique steering angles, when the beam footprint is much larger than the insonification area (Gavrilov and Parnum, 2010) . A more physically reasonable approach, which does not lead to noticeable systematic errors of backscatter strength estimates, would be to take the backscatter envelope sample that corresponds (or is closest) to the beam centre, which is not necessarily the highest one.
As shown in Gavrilov and Parnum (2010) , individual samples of backscatter envelopes selected from different beams commonly have large fluctuations due to the stochastic nature of acoustic scattering, which results in noisy backscatter mosaics of the sea floor. Calculating the backscatter energy (i.e. the integral of the squared envelope) received by each beam significantly reduces the resulting fluctuations and, consequently, the noise in seafloor backscatter mosaics.
According to Penrose et al. (2008) , the systematic error of estimating the seafloor backscatter strength from individual samples of the backscatter envelope, using the approximation of the insonification area by a rectangular shape given by Equations 4 and 6, is greater than that from the backscatter energy (Equation 8). Moreover, in contrast to the backscatter energy, the error of backscatter strength estimates made from individual samples of the backscatter envelope varies considerably with incidence angle (beam number).
Selection of logging method
The method selected to log backscatter with an MBES system will be dependent on the particular objectives of a study or seafloor survey. Recording the whole echo signal retains the most flexibility for post-processing and allows the backscatter signal from the water column to be stored as well. However, for seafloor studies it is best to maintain the highest possible ping rate and hence maximum along-track resolution. If this cannot be done for the whole echo with a particular MBES system because of its limited data communication/logging speed, then recording the seafloor backscatter envelopes should be considered instead.
The seafloor backscatter envelopes can be used to derive sidescan traces and/or to calculate the seafloor backscatter strength for each beam. The sidescan trace is useful for imaging the sea floor, whereas the backscatter intensity and energy values derived from each beam are more suitable for measuring the seafloor backscatter strength and examining its angular dependence. Even if only one backscatter value per beam is sufficient for these purposes, it is better to derive this value from the seafloor backscatter envelopes rather than to simply exploit single backscatter values logged by the system, as it gives the most control to selection of the value to be used.
Processing seafloor backscatter data
Methods for processing sonar signals backscattered from the water column are given by Cochrane et al. (2003) . If the whole echo signals are logged by an MBES and used for processing, then seafloor backscatter envelopes need to be located using the bathymetry measurements and extracted for calculating the seafloor backscatter characteristics.
Before processing the backscatter data, the x, y, z position of the footprint centre of each beam is usually determined for each sonar ping. This procedure is well described in the literature (e.g. Lurton et al., 1994 ; US Army Corps of Engineers, 2002) and commonly implemented in the bathymetry processing software provided by the sonar manufacturer. There are two approaches to processing seafloor backscatter data. One is to calculate the surface backscatter coefficient (or seafloor backscatter strength) for each beam (see Section 4.1). The other is to produce a sidescan trace for the port and starboard beams either from the sidescan data synthesised by the MBES or from the seafloor backscatter envelopes (discussed in detail in Beaudoin et al., 2002) . To produce backscatter mosaics of the seafloor from overlapping MBES swaths, the effect of the incidence angle on backscatter strength needs to be taken into account and compensated. Some of the current approaches to this problem are presented in Part 2 -Mosaic production, analysis and classification (Parnum and Gavrilov, 2011) , published alongside this paper.
Surface backscatter coefficient
The surface backscatter coefficient (s bs ) and the seafloor backscatter strength (BS = 10 log s bs ) are calculated using either Equation 4 or Equation 8 for the backscatter intensity and energy, respectively. Before using these equations to calculate s bs , the transmitted signal intensity (I S ) and energy (E S ) must be determined from the power and pulse length settings of the echo-sounder. In addition, the received signal intensity (I ) recorded by the MBES system must be corrected for total system gain to get absolute values in mPa 2 . The transmitted signal intensity (I S ) can vary significantly with angle within the transmit beam. For example, the transmit power of the Reson 8101 is known to vary across beams (Foote et al., 2005) . This should be taken into account and corrected.
The total gain of an MBES system can be expressed as follows:
where G 0 is a fixed receive system gain (including the acoustic sensitivity of the receive array and constant processing gain), G A is additional adjustable gain selected by the operator and G TVG is time varied gain (TVG). This is introduced in the sonar hardware to equalise, to a certain extent, the amplitude of echo signals received at different angles and, hence, different slant ranges (R) from the bottom. It is commonly expressed in dBs in the following equation:
10 log G TVG = Sp log R + 2aR (10) where the spreading coefficient (Sp) and absorption loss coefficient (a[dB/m]) are set by the sonar operator. These settings are usually inadequate to compensate the actual transmission loss accurately (Lurton, 2002) . Therefore, it is highly recommended to remove TVG from the backscatter signals recorded by the MBES system and calculate the seafloor backscatter coefficient using either Equation 4 or 8. The spreading loss (1/R 4 ) and absorption loss (exp(-2 bR)) determined from the measurement geometry (slant range R) and the acoustic absorption coefficient (b) in water must also be determined. The dependence of the acoustic absorption coefficient on frequency, water temperature, salinity and depth can be found in Fisher and Simmons (1977) .
The fixed gain (G 0 ) can vary for different receive beams of some MBES systems. To determine this gain, the MBES system must be properly calibrated for each beam. For example, calibration of a Reson 8125 MBES was made in a large swimming pool using a rectangular aluminium plate of known acoustic reflectivity (Parnum, 2007) . The plate was 40 × 40cm wide, which was large enough to make sure that it reflected the sonar signal from the whole footprint of the sonar beams at the distance of about 6.5m. The calibration results showed that this particular model had a fixed receive system gain of 1.86 × 10 -5 analog-to-digital converter (ADC) unit per mPa that was reasonably uniform across all beams. Foote et al. (2005) have outlined protocols for calibrating the beam varying sensitivity using target spheres.
If an MBES system is not calibrated and G 0 is not known, estimates of the seafloor backscatter strength can be made only in relative units. Even in this case, the adjustable gain (G A ), TVG and settings of the transmit power and pulse length should be corrected to obtain measurement results independent of the system settings.
Correction for the insonification (S ins ) and footprint (S FP ) areas applied to the backscatter intensity and energy results, respectively, in relatively small systematic errors, if these areas are approximated by a rectangular shape (discussed in Section 2). As shown in Penrose et al. (2008) , for a narrow-beam MBES system the systematic error is independent of incidence angle and equals approximately 0.6dB for the estimates of seafloor backscatter strength derived from the backscatter energy.
The error of backscatter strength estimates from the backscatter intensity varies with incidence angles. It decreases from about 0.6dB at vertical incidence to about -0.6dB at moderate angles, where the transverse width of the area insonified by the transmit array is comparable to the footprint area of the receive beam. As the incidence angle further increases, the systematic error of the seafloor backscatter strength tends to be a value of approximately 0.3dB. The transition angle of maximum negative error depends on sea depth and transmitted pulse length .  Fig 4(a) shows the angular dependence of the seafloor backscatter strength measured from sand using the Reson 8125 (which operates at a frequency of 455kHz), using the backscatter energy (solid line), the peak intensity (dashed line) and the intensity at the beam centre (dotted line). The estimates derived from the energy reveal a gradual decrease in the backscatter strength with incidence angle and are consistent with modelling predictions for sand. The estimates made from the backscatter intensity measured at the centre of receive beams (dotted line) are generally similar to those derived from the backscatter energy, except for the angles around the transition angle, where the difference is expected to be about 1.2dB from the error prediction made by Penrose et al. (2008) .
The transition takes place at the angle when the footprint area of receive beams becomes larger than the insonification area, as illustrated in Fig 4(b) . There is also a noticeable difference at the most oblique angles, where the estimates of the backscatter strength from the backscatter energy are lower. This is most likely due to an insufficient length of the seafloor backscatter envelopes (snippets) recorded by the Reson 8125 system in the outermost beams.
The angular dependence of the seafloor backscatter strength derived from the peak intensity (dashed line in Fig 4(a) ) reveals considerable overestimation of the backscatter strength at angles that are much larger than the transition angle. This effect is explained in detail in Gavrilov and Parnum (2010) based on the theory of extreme value statistics.
There are some additional factors related to some specific MBES models that may affect the measurements of seafloor backscatter. For example, in a series of experiments with the Reson SeaBat 8111 and 8160 MBES systems, Fonseca et al. (2006) found that the seafloor backscatter strength (BS ) measured from the received backscatter intensity increased gradually with the transmitted pulse length. This occurred even after correction for the insonification area, which is the only variable in Equation 4 that depends on pulse length.
A similar effect was also observed by Parnum (2007) , which examined the effects of system setting on the seafloor backscatter measurements made with the Reson 8125 over a flat seafloor area covered with sand. The mean BS values measured at different pulse lengths are shown in Fig 5(b) as a function of incidence angle. When the pulse length was longer than 73ms, the BS measurements were adequately corrected for changes in the pulse length, while the BS values for shorter sonar pulses were underestimated. The cause of this effect was found after calibration of this MBES (Parnum, 2007) . The frequency bandwidth of the sonar transmitter was apparently not wide enough to transmit short pulses without amplitude distortion. The amplitude of sonar pulses, reflected from an aluminium plate and received by the echo-sounder, corresponded to the sonar power setting and experiment setup only when the pulse length was 151ms or larger (Fig 5(b) ). The peak amplitude was slightly lower at 101ms pulse length and dropped almost by half at 51ms. Consequently, longer sonar pulses should be chosen to get accurate seafloor backscatter measurements that are independent of sonar system parameters. If shorter pulses are preferred to get the maximum bathymetry resolution, then the effect of limited frequency bandwidth should be taken into account.
Discussion
Backscatter data logging and processing methods, along with possible errors associated with them, are considered in this paper using characteristics of the Reson SeaBat 8125 MBES hardware. The older Reson high-frequency MBESs, such as the SeaBat 8101, collect backscatter data in a similar way as the Reson 8125 , so that the processing methods and errors discussed are directly applicable to them. The most recent Reson MBES of the 7K series, such as the SeaBat 7125, are capable of collecting the whole backscatter echo in each beam with every ping. This means that seafloor backscatter characteristics can be derived directly from the backscatter signals that are not distorted by the limited length of snippet data.
According to the latest instruction manual for datagram format (Kongsberg Maritime, 2010) , the Kongsberg-Simrad MBES systems of the EM series store two types of backscatter data: seafloor backscatter strength in dB calculated by the sonar system for vertical and oblique incidence (only two values per ping), and envelopes of the echo signals recorded in each beam and referred to as 'seabed image data' by Kongsberg. The seafloor backscatter strength is calculated according to the method described in Hammerstad (2000) .
The seabed image data (echo envelopes) stored in a logarithmic scale (in dB) are centred around the bottom detection time and limited by those in the adjacent beams. Therefore, these backscatter data from the Simrad MBESs can be regarded as analogues to snippet data and processed similarly to the Reson snippet data to measure seafloor backscatter characteristics. Unfortunately, the length of the seabed image data in individual beams is not much, especially in near-vertical beams, where it consists of a few samples, so that it does not represent the whole envelope of the signal backscattered from the bottom. Consequently, the energy of backscatter cannot be accurately measured.
To obtain absolute values of the seafloor backscatter strength, it is necessary to know the total system gain common for all beams and inter-beam variations of the system gain that are affected by the sonar geometry and beamforming. Kongsberg claims that its recent MBES systems are fully calibrated, which apparently means the seabed imaging data are represented in dB re 1mPa. Reson usually does not provide calibration data for its MBES systems. Therefore, a calibration procedure, similar to that described in Parnum (2007) , is required to Almost all modern MBES systems produce sidescan-like data of seafloor backscatter. To gain an understanding of how these data are related to the actual backscatter properties of the sea floor, including statistics (e.g. the mean value and dispersion), it is important to know how these sidescan data are produced by an MBES system. Acoustic backscattering from the sea floor is a stochastic process with a certain distribution, which depends mainly on sonar frequency, seafloor roughness and incidence angle (e.g. Lyons and Abraham, 1999; Gavrilov and Parnum, 2010) .
As discussed in Section 4, the geometry of backscatter measurements by an MBES system can distort the measured values and their statistics. Moreover, processing of backscatter samples implemented in the sonar hardware may also affect the measured values in an unexpected way. Some MBES systems, such as the Reson SeaBat echo-sounders, produce sidescan data via averaging overlapping backscatter samples from adjacent beams. Such processing distorts the backscatter distribution and, consequently, its mean and dispersion (Gavrilov and Parnum, 2010) . Therefore, the most appropriate way to synthesise sidescan data from the MBES backscatter envelopes is to correct the amplitude of envelope samples for the beam pattern in each beam, so as to equalise the overlapping samples, and then stitch together all backscatter envelopes.
Conclusions
It has been shown that backscatter data collected with MBES systems under different experimental conditions can be corrected for beam geometry, transmission loss and system settings. However, there can still be residual artefacts persisting due to either approximation of the backscattering area by a rectangle, or inappropriate selection of system settings. Therefore, it is important to take account of the possible effects of the system settings and parameters on the measurements of seafloor backscatter strength. In particular, the following should be considered:
• Calibration of the MBES system is desirable, especially to determine the overall system's gain, including inter-beam variations, the transducer's frequency band and the shape of transmit and receive beam patterns. Ideally, calibration is to be performed in a controlled environment, with known targets and an accurate and well-controlled alignment of the sonar head and targets.
• To obtain accurate measurements of the seafloor backscatter strength and its angular dependence using MBES data, it is important to know (1) what kind of acoustical characteristics of backscatter signals (e.g. backscatter envelope or intensity or level in dB) is actually logged by the sonar hardware; and (2) what kind of processing (e.g. averaging) is applied to the backscatter signal by the sonar hardware before data logging. The algorithm for backscatter measurements discussed in Section 2 should be adjusted according to the backscatter characteristic recorded by the MBES.
• When collecting backscatter data, power, gain and pulse length settings should be chosen appropriately, so that the actual signal characteristics correspond to the expectations from the settings and system parameters.
If these recommendations are followed, backscatter measurements should only be dependent on the seafloor properties, incidence angle and sonar frequency. In this case, the measured backscatter data can be used to discriminate between different seafloor types.
